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I n this masteroés thesis the st peasfamedTha l an
sculpture will be built ito the new residential area called Asemanrantddmeenlinna
Sculpture consists of a ring with a diameter & & which issupported by posts made of

steel The ring is attached to the posts with the steaftl wherthesculpture is operating the

ring is rotating around.4 revolutions per minute.

The structural analysis gerformedby using FEanalysis, Hot Spotmethod andjuidelines
of the Eurocode. All dimensioning and load determinations are performed according to SFS
EN 1991 and SFEN 1993.

The main goal of the masterds thesisaf i s t
weight and it can operate in circumstances it has been designed to. Determined
circumstances taketo account local windsnow,and thermal loadthat may lead tdhe

yielding, unstablenessr vibrating of structural memberdratigue assessment is also
performed tensure that sculpture could operate the designed lifetime in normal predictable
conditions.

The result of the analysis is that the sculptiuléls the specified requirements, and the
structure can resist all predictable load cases that may occur during its lifetime.
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Tassd diplomityossa tutkitaan liikkuvan terasveistoksen rakenteellista kestavyytta.
Terasveistos tullaan sijoittamaan uudelle asuinalueelle nimeltddan Asemanranta, joka
sijaitsee Hameenlinnassa. Terasveistos koostuu halkaisijaltaan 6,8 kebtisia, joka on
tuettu teraspilareilla. Keha ofiitetty pilareihin aksedlla ja terasveistoksen ollessa
toiminnassa, keha pydrii akseleiden ympinin 1,4 kierrosta minuutissa

Rakenneanalyysi suoritetaan kayttamalla -dralyysia, Hot Spot-menetelmaa ja
Eurokoodin ohjeistuksia. Kaikki mitoitukset ja kuormitusten maarittamiset tehdaan
standardien SF&N 1991 ja SFEN 1993 vaatimusten mukaisesti.

Diplomitybn paéatavoite on varmistaa, etta terasveistos kykenee kannattelemaan oman
painonsa ja, etta se kykee toimimaan olosuhteissa, joihin se on suunniteltu. M&éaritetyt
olosuhteet ottavat huomioon tuylilumi- ja lampétilakuormat jotka voivat johtaa
rakenneosien myo6taamiseen, epéastabiiliuuteen tai varahteRgkenteelle suoritetaan
myos vasymistarkastelyotta voidaan varmistaa, etta terasveistos kykenee toimimaan
suunnitelluntoiminta-ajannormaaleissa ennustettavissa olosuhteissa.

Rakenneanalyysin tuloksena voidaan todeta, ettd terésveistos tayttaa sille annetut
vaatimuksetja veistos kestaa kaikki eastettavat kuormitustilanteet, jotka voivat ilmeté sen
toiminta-ajan aikana.
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SYMBOLS AND ABBREVIATIONS

Aref

AsL

Cr

Clat

Clat,0

Clat,single

CsCd

Cseason

G

Altitude above Sea Level [m]
Throat thickness of the weld [mm]

Factor of gallopingnstability

Reference area of the structure or structural element [m?]
Tensile stress area of a bolt [mm?]
Total area where the snow load is affected [m?]
Total area of the surfaces parallel to wind direction [m?]
Total area othe surfaces perpendicular to wind direction [m?]

Reference width of the crosection where the vortex shedding [m]
occurs

Design punching shear resistance at ultimate limit state [N]
Terrain orography factor

Directional factor

Exposure coefficient

Force coefficient for the specific structure or structural element
Lateral force coefficient

Basic lateral force coefficient

Lateral force coefficient for a single structural element
Structuralfactor

Season factor

Thermal coefficient



do

d2
Dkm
Om
ring
FAT
Fb,Rd
Fp.c
Fr
FsL
Fs,Rd,ser
FtEd
FtRd
fu

fub
Fv.Ed
Fv.Ed,ser
Fv.rd
Fw
Fw(S)
Fw,Ed

FW,Rd

Inwind depth that is measured perpendicularly between
plate and torsional axis

Nominal diameter of the ring

Pitch diameter of a bolt

Diameter of contact area betwdssad and plate
Bolt head diameter

Diameter of ring

Fatigue class according to SESI 19931-9
Design bearing resistance at ultimate limit state
Preloading force

Resultant forcapplied to the weld

Total snow load force

[m]

[m]
[mm]
[mm]
[mm]
[m]
[MPa]
[N]
[N]
[N]

[N]

Design slip resistance of the bolted joint at serviceability state[N]

Design tensile force at ultimate limit state

Design tensile resistance at ultimate limit state

Ultimate tensile strength of the weakest part joined
Ultimate strength of a bolt

Design shear force at ultimate limit state

Design shear force at serviceability state

Design shearesistance at ultimate limit state

Resultant wind force

Load caused by vortex shedding

Design value for the force per unit length applied to a weld

Design weld resistance per unit length

[N]
[N]
[MPa]
[MPa]
[N]
[N]
[N]
[N]
[N]
[N]

[N/mm]



h Height ofthe structural element [m]

lv Wind turbulence intensity

K Mode shape factor

k2 Factor that is depending on the shape of the bolt

ki Turbulence factor

ke Terrain factor

Ks Factor for slip resistance of bolted joint

Kw Effective correlation lengtlfactor

I Length or height of the structure or structural element [m]

lw Length ofaweld [mm]
m Factor for fatigue analyses

Ms Torque that is loading the mounting bracket of the electric mo{dim]
m(s) Vibrating mass per unit length [kg/m]
Mie Equivalent mass of the fundamental mode per unit length [kg/m]
Motal Total mass of structure or structural element [ka]

n Number of friction surfaces

N Fatigue life obtained by using Hot Spaiethod

Ny First crosswind mode frequency of structure [Hz]
Niy Natural frequency of the structure [Hz]
NR Number of cycles

P Pitch of thread [mm]
Op(Ze) Peak velocity pressure at reference height [N/m?]
Re Reynolds number

S Snow load in persistent or transient circumstances [N/m?]



Sc

St

Vo

Vb

Vb,0

Vce

Verit, |

YF, max

Vm

Scruton number

Characteristic value of the snow load on the ground
Strouhal number of the structural element

Lifetime of structure in seconds

Thickness of plate in a bolted joint

Kinematic viscosity of the air

a2 times modal valwue of
Basic wind velocity

Fundamental value for the basic wind

Critical galloping wind velocity

Critical wind velocity for vibration mode i

t

he

[N/m?]

[s]

[mm]

[m?/s]

Mg i bul |
[m/s]

[m/s]

[m/s]

[m/s]

Maximum displacement over time of the point where the mod¢m]

Mean wind velocity

Zone number for snow load
Roughness length

Roughness factor for terrain category Il
Reference height

Height from the ground

Linear expansion coefficient of steel
Factor that depends on the strength class of a bolt
Correlation factor

Partial safety factor

Partial safety factor

Partial safety factor

[m/s]

[m]
[m]
[m]

[m]



T Temperature change K]
PR Shear stress range [MPa]
pd Shear fatigue class [MPa]
pU Cut off limit [MPa]
1s Structural damping as the logarithmic decrement

V) Bandwidth factor

6 Factor for specific structural element

=3 Factor forcorrelation length calculations

€ Slip factor

MG Friction coefficient of threads

Mi Smow load shape coefficient

MK Friction coefficient of boltds head
J Air density [kg/mq]
Uo,at Nodal stress at distance of 0,4 times plate thicknessvrelohtoe [MPa]
U ot Nodal stress at distance of 1,0 times plate thicknessvrelohtoe [MPa]
U Bending stress [MPa]
Uhns Hot Spot-stress (structural stress) [MPa]
Cim Membrane stress [MPa]
Us Structural stress [MPa]
Uiy Mode shape of thersictural element

Abbreviations

HS-method Hot Spot-method, structural stress method

VIV

Vortexinducedvibration
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1 Introduction

I n this masterods thesi s t-Kinetic seelsaulptareiwilldé a n e
carried out The projecis performedn cooperation of Hefmec Engineering Q@ytist

Johanna Rope and city of Hameenlinna. The main goal of the study ietmide

required structur al members, joints and of
stability in any excepted situation. Eurocodes 1 and 3 are utilized to examine requirements
that are set for outdoor constructions and the structure is analysed in respect of these
requirements. These requirements are for example snow loads, wind actions ahd natura

frequency aspects.

1.1 Daily Mirror -kinetic steel sculpture

Daily mirror is a kinetic steel sculpture that will be built to the city of Hameenlinna. It will
be located ira newresidential area called Asemanraatad the general shape is designed
by artistJohanna Rope. Hefmec Engineering Oy is taking care of mechanical design and

structural analysis.

The Daily Mirror sculpture consists of two posts that are bolted to the concrete foundation
and between the ptsthere is 6.8 meters wide ring that is ratgtaround. The motion is
created withanelectrical motor. The basic operation of the sculpture is presenkegdure

1

Figurel. The operating sculpture
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The sculpture is supposed to operate for 15 years, and the electric motor is controlled with
twilight switch so that the ring starts to rotate at the dawn and stops before sundown. After
15 years the sculpte will be locked to upwards position, and it will be converted to static

sculpture.

The ring is supported to the posts with shafede of 1.4401 stainless staeld SKF FYJ
100 TF flange bearings, and the rotational motion is created with KraftmelQ8B89
electric motor. The motor is bolted ttee end of the post with mountingracket Between
the ring shaft and electric motor is flexible coupling that aBaavslight movement and
misalignment betweethe componentsThering is attached to the ringhafts with bolted
flanges. The main dimension§the sculpturere presented iRigure2 andsection view in
Figure3.

8165

==

Figure2. The main dimensions of the Daily Mirresculpture
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Figure3. The ®ction view of the preliminary structure

Dimensions and materials of the structural members and joints are estimated during the
mechanical design process, and these can be changed during the study if needed. Changes
need to be done so that the general shape and design of the structure atecalbt cri

changed. Materials used in the preliminary structure are presenitatlall.



13

Tablel. Materials used in thereliminary structure.

Dimensions
Component Type Material
Outerd | Inner@ | Thickness
Plates for foundation
Plate 700 mm 30 mm S355J2+N
bolts
Posts Hollow bar] 355 mm ] 335 mm 10 mm S355J2+N
Shaft flanges, bearin
Plate 20 mm S355J2+N
flanges and end capg
Ring Plate 4 mm S355J2+N
. X5CrNiMo17
Ring shafts Rod 100 mm
1.4401

Ring shafts are made of stainless steel to prevent corrosion damages on machined surfaces

which can make maintenance more complicate and shorten the lifetime of bearings.

1.2 Objectives

I n this mastero6s thesi s t hexdudingbugkiing anaelysis a n a
will be performedAlso, the fatigue analysis is performied the main joints of the structure

andthe fatigue analysesf otherjoints are excluded from the thesis. In additioretdiled
mechanical designingr the design of theoncrete foundatioarenot included in the scope

of the study. Component selection criteria and automation will be designed individually after
strength analysisThe strength analysis is mainly performed by using numerical methods
(FEM) therefore the anglical methodsof the analyses performeudle not presented this

thesis.

The goal of the study is to ensure the strength of the structure so that it can operate through
theplanned life cycle. Outdoor sculptures are affected on wind, snow and temgeratur

loads and the effects of those are examined with stadtysis including ultimate capacity

and stability as well amtigueandvibration analysisLoad conditions are determined

according to SFEN 19911.
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2 Load conditions

Load conditions are determinaedcording tcEurocode 1 SF&EN 19911-3, -1-4 and-1-5

standards.

2.1 Wind load

SFSEN 19911-4 gives instructions how to determine wind actions that must be taken
account when designing outdoor structures such as buildings/dmhgineering structures

up to heightof 200 m. Wind actions consists of actual wind force that is parallel to wind
direction, friction force, vortex shedding that is perpendicular to wind directarm

galloping divergenceandflutter phenomena. (SFEN 19911-4).

2.1.1 Wind force

The wind forcestands for aesultant force that is parallel to wind directiand tries to
deform the structurealong thewind direction Load case and deformation direction are

presented ifrigure4.
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Wind force

Figure4. Deformation caused by wind force

Resultant wind force can kmlculated using forceoefficientsor using surface pressure
theory (SFSEN 19911-4 p.44). In this case the wihforce is calculatety usinglocal force

coefficients.The resultant wind forcEw can be calculately equation
O OO R a o (1)

Wherecsq is the structural factgrc: is the force coefficienfor the specific structure or
structural elementyy(z) is the peak velocity pressure at reference heigahd Aret is the
reference area of the structure or structural element whaldy (SFSEN 19911-4 p. 45
46).
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For structures with a height less than 15 metervalue for the structural factacy can be
taken as D (SFSEN 19911-4 p. 48). When determining the force coefficient the
sculpture isconsidered as karge signboardThe vale for the force coétient ¢c may be

taken as 1,8When followingexpression isalid:

Q
a - @)
T

wherezg andh areheights presented ifrigure5. (SFSEN 19911-4 p.108).Corresponding

valuesfor factorszg andh are presented iRigure6.

(A
iy

F v
LSS S S S S i LSS

Figure5. Dimensions of a signboa(@FSEN 19911-4 p.110)
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il

11555

4755

Figure6. Dimensions of the sculpture

The peak velocity pressugg(ze) can be determineoly equation

P XOu
C
wherely(z) is wind turbulencentensity, } is the air density1.25 kg/n?) andvm is mean

wind velocity. (SFSEN 19911-4 p.40).

b ¢ 3)

n a

The wind turbulence intensity(z) may be calculated by equation:

v~ Q
¢ (4)
wWwa a EiEi—

wherek; is the turbulence factocy(z) is the terrainorography factor ang, is the roughness
length. Recommended value for tiaebulence factok is 1.0. (SFSEN 19911-4 p.38).
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The terrainorography factor, is taken account if the orograplof the areas increasing
wind velocity more than 5 ¥SFSEN 19911-4 p.38).In this case there are not hills, cliffs
or mountains near the structure so tatie forthe factorco may be taken as@(SFSEN
1991-1-4 p.35).

The roughness length can bedeterminedrom Figure7. The structure will be place on

urbanarea so thgalue for the roughness length i8 ®n.

Terrain category 2z Znin
m m

0 Sea or coastal area exposed to the open sea 0,003 1

| Lakes or flat and horizontal area with negligible vegetation and without obstacles 0,01 1

Il Area with low vegetation such as grass and isolated obstacles (irees, buildings) with 0,05 2

separations of at least 20 obstacle heights

Ill Area with regular cover of vegetation or buildings or with isolated obstacles with 0,3 5
separations of maximum 20 obstacle heights (such as villages, suburban terrain,
permanent forest)

IV Area in which at least 15 % of the surface is covered with buildings and their average |1,0 10
height exceeds 15 m

NOTE: The terrain categories are illustrated in A.1.

Figure7. Values for the roughness lengdg{SFSEN 19911-4 p.36).

The mean wind velocitym may be calculated by equation:
0 & W& ®a v ()
wherec; is the roughness factandw, is the basic wind velocitfSFSEN 19911-4 p.34).

The roughness factaan be calculated by equation:

~
g

~ a
G& 0 oaes (6)

wherek;: is the terrain factor depending on the roughness leagith can be calculated by

equation:

Q T w;— (7)
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wherez, is the roughness factor for terrain category Il presentdelgare 7. (SFSEN
19911-4 p.34)

The basic wind velocity, may be calculated by using equation:

0 ® 0 (8)
wherecgir is the directional factotseasordS the season factor awmgh is the fundamental value
for the basic windThe recommended valsi®r Cgir andCseasorlS 10. (SFSEN 19911-4 p.
32). The recommended value for the basic wind velogigis 23 m/s. (SFEN 19911-4
p.144)

2.1.2 Friction force

Wind velocity may cause friction forcéisat actson the surfaces that are parallel compared
to wind direction. The force is caused by friction betwesnand parallel surfaces. The
friction forces may be ignoratithe total area of parall surfaces is less than 4 tinmshe
total area of perpendicular surfaces. (&% 19911-4 p.46). In this case, the expression
mentioned before is valid and friction forces can be ignofethl areas of parallel and

perpendicular surfaces are presenteéigure8 andFigure9.



Total area: 4755684.72 millimeters”2
HEF107520-1 ®HEF106077/HEF106078-1@HEF107520
File: HEF106077 Config: Kiinnitystarvikkeilla

Figure8. Total area of the surfaces parallel to witicbction(A = 4.8 nr)

Total area; 26955490.56 millimeters®2
HEF107499-1@HEF106077/HEF107370-1@HEF 107499
File: HEF106077 Config: Kiinnitystarvikkeilla

Figure9. Total area of the surfaces perpendicular to wind dire¢fiorF 26.9 nY)

2A0EI |;Egeompc5qAAAo 9)
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2.1.3 Vortex shedding

Wind or every kind of flowpast cylinder shaped element can cause vortex sheddthgs

a result the structural element experien@gable aerodynamic forcéisat can cause vortex
induced vibration (W). Under certain circumstanc&dV can cause the vortex shedding
frequency to matclwith the natural frequency of the structamdlead to synchronization
of frequencies(Singh & Mattal 200%. 1085).The vortex shedding is illustrated Figure
10.

U*=4.40

Figurel0. Vortex shedding phenomena (Singh & Mittal 2003.@94).

The effect of vortex shedding must é&eamined when the following expression is valid:
0 [ P& LL (10)

whereVerit, is a critical wind velocity forvibration modei. The critical wind velocity is
typically normal or frequenwind velocity and because of that the fatigue effeutd
therefore number of cycles vibrating must be examine(SFSEN 19911-4 p.196).

The criticalwind velocityveriti may be calculated by using equation:

w € ¢
0 ,,Yg (11)




22

whereb is thereference width of the crosectionwhere the vortex shedding occuns; is
the natural frequency dhe structureand Stis Strouhal number of the structural element.
(SFSEN 19911-4 p.196).

The natural frequency is determined by finite element arsdyd Strouhal number may be

determined fronfigurell.

Poikkileikkaus 5t

0,18

kaikilla Reynoidsin luvun ansaollla

kuvasia E.1
49 |
.. H h

05=db<10

4 d + db=1 0,11

| | db=15 0,10

* b

| | dh=2 0,14
lineaaringn intarpoloant ™

+d{ db=1 0,13

4
}7 dbh=2 0,08
- - b
+

+ d + db=1 0,18
| db=2 0,12
| b
lineaarinan interpoloint
db=13 0,11
o
db=20 0,07

lineaarinan interpolointi
HUCM. Strouhalin luvun anvojen eketrepolointi subteen db funktiona ei ole sallittua.

Figurell Strouhal numberfor different structural elementSFSEN 19911-4 p.200).
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The loadcaused by vortex shedding may be calculated by equation:

Oi ai ¢ E£p B wp (12)

wherem(s)is vibrating mass per unit lengtl;y is the mode shape tfie structural element
normalised to values of.@ at the location of maximum displacement aghax IS the
maximum displacememver time of the point where the mode shape is equabtqSIFS
EN 19911-4 p.204).

The normalised mode shape of the stiteeii iy may be determined by equation:

a
I (13)

where factogs may be determined froffiable2. (SFSEN 19911-4 p.244).

Table2. Determining ofthefactore (SFSEN 19911-4 p.244-245).

2 Structure or structural element
0,6 Slender frame structur@gthout load sharing wall or clad
1,0 Structures with a central cqoneeripheral columns, and shear bracings
15 Slender cantilever buildings building with concrete core
2,0 Towers and chimneys
2,5 Towers with steesupportqlattice)

The maximum displacemewt maxmay be calculated by using equation:

adl PP v & (14)

5 s o~V
W Yo Yw

whereb is width of the structure (perpendicular to the wind directi@gis the Scruton
number K is the mode shapactor, Ky is the effective correlation length factor aog is
the lateral force coefficien(SFSEN 19911-4 p.204).

Sauton number can be determined from the equation:

_ a -
v o R 7 ~ N (15)
w
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wherd s is the structural dampings the logrithmic decremerandm e is the equivalent
mass of thdundamental modeer unit length(SFSEN 19911-4 p. 202). The structural
dampingcan be determined frofigure12.

Structural type structural damping, &
reinforced concrete bulldings 0,10
steel buildings 0,05
mixed structures concrete + steel 0,08
reinforced concrete towers and chimneys 0,03
uniined welded steel stacks without external thermal Insulation 0,012
unlined welded steel stack with external thermal insulation 0,020
steel stack with one liner with external thermal insulation 2 hb <18 0,020
20<h/b<24 0,040
hb=26 0,014
steel stack with two or more liners with external thermal insulation ® hb <18 0,020
20<h/b<24 0,040
hb =26 0,025
steel stack with internal brick liner 0,070
steel stack with internal gunite 0,030
coupled stacks without liner 0,015
guyed steel stack without liner 0,04
steel bridges welded 0,02
+lattice steel towers high resistance bolts 0,03
ordinary bolts 0,05
composite bridges 0,04
concrete bridges prestressed without cracks 0,04
with cracks 0,10
Timber bridges 0,06 -0,12
Bridges, aluminium alloys 0,02
Bridges, glass or fibre reinforced plastic 0,04-0,08
cables parallel cables 0,006
spiral cables 0,020
NOTE: The values for timber and plastic composites are indicative only. In cases where aerodynamic effects are found to be significant in the
design, more refinded figures are needed through specialist advice (agreed if appropriate with the competent Authority.
|AC> deleted text <AC|
3For intermediate values of h/b, linear interpolation may be used

Figurel2. Valuesfor logarithmic decrements of structural damp{8§SEN 19911-4 p.
252).

In this case the strture is considered as a mixture of steel antcoete (post$ s = 0.08)
andsteel building (ring|, s = 0.05).

The equivalent masy fundamental modm e may be calculated by equation:

] Lai i Qi
a i (16)
i Qi
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wherem(s)is mass per unit length amds length or height of the structure or structural
element(SFSEN 19911-4 p.248).

The mass per unit length can be expressed as:

a i 3 i 17)
wheremta is the total mass of structure giructural elemerdndsis:
moi a (18)
Thecorrelation length factdkw may be determinebly using equation:
0 0 0
b o @ P © g © (19)

wherem is determinedrom Figure 13, L; is the distance between two node poifftgre

13) andavis calculated by using equation:

(20

[
e o

wherel is length of the structure or structural eleméBESEN 19911-4 p.211-212).

The mode shape factrcan also be determined frdagurel3.
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Structure mode shape Kw K
Diy(s)
0,13
see F.2 5 L/b 1 Lib 1 [Lifb\z
with § =2,0 —| o J
n=1; 4] A 3 A
m=1
0,10
see Table F1 + (. Lib ]
n=1; cos| = [ 1--
m=1 2\ A /]
0,11
see Table F.1 L/ o1, L./b)
n=1; ——+—.sin - 1-—'——|
me iAo L4
0,10

modal analysis
n=3
m=3

i [l (s)l ds
=

Y fioish o

NOTE2 A=l

NCTE 1 The mode shape, @, y(s), is taken from F.3. The parameters n and m are defined in Expressicn |AC> (E.8) <AC| and in Figure E.3

Figurel3. Factors for correlation length factor calculati¢g88SEN 19911-4 p.212).

The lateral force coefficierda: maybe determinedh therespect of the basiateral force

coefficientcat,o. The formula is presented Figure14.

Critical wind velocity ratio

Clat

Yei 083

Vini

083 < L=t - 125

mLj

Ciat = Claro

i
v
Ciat = 3-24 Lm} “Ciarg

\ Viny )

Ciat = 0

is the basic value of ¢ as given in Table E.2 and, for circular cylinders, in Figure E.2

125 < Lo
Vm.L;
where:
Gat 0
Verit |AC= is the critical wind velocity (see E.1.3.1) <AC|
VmLj

|AC> is the mean wind velocity (see 4.3.1) in the cenfre of the effective correlation length as defined in Figure E.3 <AC|

Figurel4. Lateral force coefficient compat¢o basiozalue intherespect of critical wind
velocity (SFSEN 19911-4 p.208).
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The basic lateral force coefficienk:o can be determined froffigurel5.

Clat,c 1.0 -
0,9 -

0,8

0,7

06 -

05 -

04 -

03 4+—

02 +—

0,1 - - H i .
AR [ [ | |1 L |

o0 3 5 710° 3 5 710° 3 5710 aRe

Figurel5. Basic value of the lateral force coefficient in respect of Reynolds nurReber
(SFSEN 19911-4 p.208).

The Reynolds number of structural element lparcalculatd by equation:

WL g
Y i Th (21)

wherev is the kinematic viscosity of the air§ 15 x 10° m?%/s).(SFSEN 19911-4 p.202).

The kteral coefficient factor can be modified in conditions wheestical cylinders are
placed in a row or grouped arrangem@itferent configurations are presentedrigurel6.
(SFSEN 19911-4 p.215. In sculpture postsare forming grouped structure #we posts

may be investigated assgstem of structural elements.
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- a
J(E, ) ax
&

Figurel6. In-line and grouped system of cylind¢&~SEN 19911-4 p.216).

The lateral coefficient factor may be modified by udwitpwing equations:

© ph @ ; when p - pT (22)

€

@ i when - pu (23)

The lateral coefficient factana: may be linearly interpolated when the ratio of distareces
andb has value between 10 and For fatigue assessmetite total amount of load cycles
caused by vortex shedding can be determinedsing the following expression:

oo .. L
- Qw - 24
5 n =3 (24)

0 ¢ Y& -

whereT is thelifetime of structure in seconds, is bandwidth factothat describethe band
of wind velocitieswith VIV andwisd 2 t i mevalue mfaheVéeibull distributed wind
velocity. (SFSEN 19911-4 p.214). To simplify calculations, the imd velocityvo may be
taken agSFSEN 19911-4 p.214, note ?

b T 0 (25)

The bandwidth factor can be takeas the value of.G@ (SFSEN 19911-4 p.214, note R
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2.1.4 Galloping

Another phenomenorthat can causéstability behaviour of the structure is galloping.
Galloping means a self induces vibration otlatively flexible structureThe structure may
experience glloping when deformatiolccurs in cross wind bendimgode.Usually, non
circular cross sectiorlke L-, |-, U-, T- and Gprofilesare prone to gldping. In galloping
the vibration starts at eritical gallopingwind velocity vce and the amplitude of motion

increases rapidlwith increasing wind velocit(SFSEN 19911-4 p.220).

The criticalgalloping wind velocitwce may be calculated by equat:

— &5 2
o ER W (26)

whereag is the factor of galloping instabilityy. y is the first crossvind mode frequency of

structure For ac the value ofLO can be used if the factor is unknoW®FSEN 19911-4 p.
220:222).

2.1.5 Divergence and flutter

Divergence and flutter arphenomena that can cause instabiliiesflexible platelike

structuresdr example signboards bridges. IBEFSEN 19911-4, there are mentionddree
different criteria for platelike structures that are prone to divergencdlutter. All these
criteria must be satisfidaefore divergence or flutter phenomena must be investig&Ees.

EN 19911-4 p.231). The criteriaare:

1. The structure or part of it has elomgé crosssectionwith b/dratio less than 0,25.

2. The torsional axis of structure is parallel to plahehe plate and perpendicular to
the wind direction. Also, the centre of torsion musabéasid/4 downwind of the
windward edge of the platd=actor d is the inwind depththat is measured

perpendicularly between plate and torsional axis.

3. The lowest natural frequency of the structisrehe same as in the torsional mode or
the lowest torsional frequency is less than 2 tithedowest translational fregncy.
(SFSEN 19911-4 p.232.
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In this case theriteria number two is not valid since the distance between windward plane
and torsional axis is only 60 mm. Because of that the structure is not prone to divergence or

flutter and the phenomen can be igored.The structure is presentedrigurel?.

60

Torsional axis

Figurel7. The distance between windward plane and torsional axis.

2.2 Snow load

Snow load can be determined based on-ERSL9911-3. Snowloadsare divided to two
different types which arérifted and undrifted snow loadrifted snow loaddescribes
situationwhere snowas been moved from one location to another for example bygtiba a
of wind. Undrifted snow load describes equally distributed snow tbadis only affected
by the shape of the plaé supporting structure. (SHSN 19911-3 p.16-28). In this case
the ring of the sculpture ialways either rotating or stoppethto position where it is
perpendicular compared to grouledel, so the drifted snow load is not possible in normal

circumstances.

Snow load inpersistent or transient circumstansd&N/m?] may be calculated by using

equation:

6 6 i (27)
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wherey is the snow load shape coefficieBt, is the exposure coefficignt: is the thermal
coefficient andsx is the characteristic value of the snow load on the ground.-EBF$991

1-3p. 28).

The snow load shape coefficient can be determinedfigarel8. The recommended value

for p1 (0°) in the National Annex i6.8.

Angle of pitch of roof a 0°<a<30° 30° < < 60° o >60°
uq(or)
V> o_
u4(0°)=0,8 Hl(00)(6030002) 0,0
up(o)
0.8 0. 8(60: T)o:) 0,0
30
(o) 0,8 +0,8 0/30° 1,6 -

Figurel8. The shape coefficients fesnow load (SFEN 19911-3 p. 32).

The exposure coefficiembay be determined frofigure19.

Topography - '7' Ce
Windswept? 0,8
Normal® 1,0
Sheltered® 1,2

@ Windswept topography: flat unobstructed areas exposed on all sides without, or little shelter afforded by terrain, higher construction works or

trees.
b Normal topography: areas where there is no significant removal of snow by wind on construction work, because of terrain, other construction

works or trees.
¢ Sheltered topography: areas in which the construction work being considered is considerably lower than the surrounding terrain or surrounded

by high trees and/or surrounded by higher construction works.

Figure19. Recommended values Gk in different topographies (SHSN 19911-3 p. 30).

The thermal coefficien€: considersircumstances where the heat leakages of the building
decrease the snow load on the roof. This may happen for example when using glass roofs
which thermal transmittare is relatively largex(1 W/ntK). For all other cases the factor

Ci can be takes ds0. (SFSEN 199%1-3 p. 30).
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The expression for theharacteristic value for snow load can be determinefiom the

Figure20.

Climatic Region Expression
Alpine Region sy = (0,6427Z + 0,009) [1 + ( 7—,2—8] J
A 5 2
Central East s = (0,2647 - 0,002) [1 +(528) J
W RY:
Greece s = (0,420Z - 0,030) [1 +(55) }
. . F A2
Iberian Peninsula s, = (0,190Z - 0,095) [1 + { 5_271] }
. . A 5 2
Mediterranean Region s, = (0,4987 - 0,209) [1 +| 21-551 }
A
Central West s =(0,164Z2-0,082) + —
966
Sweden, Finland 5= (0,790Z + 0,375) + Egé
; A
UK, Republic of Ireland sx=(0,140Z-0,1) + o1

Figure20. Snow load in respect of altitude (SESI 19911-3 p. 64).

In Finland, the equation below used:

5
i i S 28
i ™ W T n&xuoccp (28)

whereZ is the zone number givan Figure21 andA is thealtitudeabovesealevel.
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Figure21. Snow load on ground levitN/m?] (Bergman 2019 pl5).

The ptal snav load forceFs. may be calculated by equation:

0

(@}

(29)

whereAg, is the total areavhere the snow load is affected.
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2.3 Thermal load

Thermal loadslescribethe actions thabccurs when the temperature of strucigee higher

or lower within a specified time intervalhermal actions must be investigated especially
when designing loadbearing structure to ensure that thermal actions and mowvéhment
causedetrimentalstres concentrationat the weak pointslhe effect of thermal loadsan

be eliminated by joints that allow movement duy including increasebbcal stresses in the
design. (SFEEN 19911-5 p. 22).

The maximum and minimurshadow temperature can determined fronfigure 22 and

Figure23.

Figure22. The minimumshadow temperature (SFEN 19911-5 Annex 6p. 3)
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Figure23. The maximum shadow temperature (SH$ 19911-5 Annex 6 p4)

The maximum valuenay be modified to take accowstlar radiation effeciThe expression
is presented ifrigure24.

Season Significant factor Temperature Tyt in °C
Relative absorptivity 0,5 Tmax + Ta
depending on surface bright light surface

Summer colour 0,7 Tmax + T4

light coloured surface

0,9 Tmax + T5
dark surface

Winter Trmin

NOTE: Values of the maximum shade air temperature Tp,5y, minimum shade air shade temperature Tp;;,, and solar radiation effects Ty, T4, and
Ts may be specified in the National Annex. If no data are available for regions between latitudes 45 °N and 55 °N the values Ty = 0 °C,
T4=2°C, and T5 = 4 °C are recommended, for North-East facing elements and Ty = 18 °C, T, = 30 °C, and T; = 42 °C for South-West or
horizontal facing elements.

Figure24. The effect of solar radiation (SHSN 19911-5 p.28)
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In this case thaeculptureis considered as dark surface dids taken as value of 42 °C

sinee theinstallation direction is unknown.

The most critical part for thermal actions in the sculpture is the ringsbdaring flanges.
That is why thermal actianin the ring are calculated. Thermal effectlondiameter of ring

O ehg canbe calculagéd by equation:

(9]

yQ I Q Yy (30)

whereU is thelinear expansion coefficiemtf steel(Figure25), do is thenominal diameter
of the ring andp Tis thechange in temperature.

Material o (x10°8°C)
Aluminium, aluminium alloy 24

Stainless steel 16

Structural steel, wrought or cast iron 12 (see Note 6)
Concrete except as under 10

Concrete, lightweight aggregate 7

Masonry 6-10 (see Notes)
Glass (see Note 4)
Timber, along grain 5

Timber, across grain 30-70 (see Notes)

NOTE 1 For other materials special advice should be sought.

MOTE 2 The values given should be used for the derivation of thermal actions, unless other values can be verified by tests or more detailed
studies.

NOTE 3 Values for masonry will vary depending on the type of brickwork; values for timber across the grain can vary considerably according to
the type of timber.

MOTE 4 For more detailed information see:

EN 572-1: Glass in Building — Basic soda lime sificate glass — Part 1: Defintions and general physical and mechanical properties;
PrEN 1748-1-1: Glass in Building — Special basic products — Part 1-1: Borosilicate glass — Definition and description;

prEN 1748-2-1: Glass in Building — Special basic products — Part 1-1: Glass ceramics — Definition and description;

prEN 14178-1: Glass in Building — Basic akaline earth silicate glass products — Part 1: Float glass

NOTE 5 For some materials such as masonry and timber other parameters (e.g. moisture content) also need to be considered.
See EN 1995 - EN 1996.

NOTE 6 For composite structures the coefficient of linear expansion of the steel compenent may be taken as equal to 10x10°%°C to neglect
restraining effects from different ar-values.

Figure25. Coefficients of linear expansion (SIEEN 19911-5 p.62)
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3 Theory andesearch methods

Theory and research methods used in this thesgasented in this chapt&taticanalysis
and natural frequencgf the structure is analysdany using FEanalysisby Solidworks-
software and its Simulatioraddin. Fatigue assessmastmainly conducted with Hot Spot
-methodhowever nominal stress is used in assessments where using the Hotrgibiod
is not possibleFatigue assessment is conducted accordinRSEN 19931-9. Bolted
joints and welds are analysed accordin§&&sEN 19931-8.

3.1 Hot Spot-method(structural stress)

Typically fatigue assessment of welded components is conducted by using nominal stresses
and fatigue classeshat defines properties of different joint typdhe problem in the
nominal stress method is thaignoresdimensional variations of different welded joints.
addition, welded structures arsually so complex tha&ixact values for nominal stresses are
hard to determinatéNiemi, Fricke & Maddox 2018 ().

Using Hot Spotmethodor structural stress meth@gdS-method abbreviation will be used
later in thisthesig is worthwhile in structures where potential fatigue crgckwth will
appear orthe upper or lower weld to&Vhen using HSnethodthe actual dimensions of
detail will betaken into consideratiotructural stress includéise stress concentration that
is caused by detail itself but not the local Himear stress peak. The local Rlimear stress
peak is caused ke notch effect at the weld toe. (Niemi, Fricke & Maxdl@018 p1). The
potential crack initiation points are presenteéigure26.
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ek dn b

(f) (9) (h)
S = @m

Figure26. Potentiaffatigue crack initiation points in weéd structures (Niemi, Fricke &

Maddox 2018 p6).

Hot Spot-stress or structural stress includes membranesiaell bending stressésit does
nottake account netinear stress peak that is caused by the geometrical properties of weld

toe.Expression of Hot Spestress is illustrated iRigure27.

Member G = Cn + Op
thickness
s Y

Figure27. Structural stress as the sum of membrane and bending s{idieses Fricke &
Maddox 2018 p7)

Definition of Hot Spot-stress can be divided into two different types theppend orthe
location of critical weld toen typea, the critical weld toe is located on the surface of plate
and in typeb on the edge oplate. (Niemi, Fricke & Maddox 2018 ) The difference

between typea andb is presented ifrigure28.
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Type "b" ‘/

L Ll

Type "a
hot spot

Figure28. Difference between two Hot Spaypes (Niemi, Fricke & Maddox 2018 6)

Hot Spot-stress can be determinleg usinglinear surface extrapolatiqghSE) which means
that nodal stresses are determined from the stresamadhose are used to calculate actual

Hot Spot-stressy equation:

. PwX,s TWX,s (31)

wherelo 4t andih orarenodalstresgsat distancs of 0,4 and1,0-timesplate thickness from
the weld toe (Niemi, Fricke & Maddox 2018 [29). The points where nodal stresses are

determined are presentedrigure29.
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Relatively fine mesh Relatively coarse mesh
(as shown or finer) (fixed element sizes)

(@) <o (b)
: T 2 (\V\ﬁ

—

Type ,a"
hot-spot

N /\‘v_,

D[~

o

(c)

N L L
Type ,b" 7 />
hot-spot \ ) \

: ‘ . (

N~ AN/ =SS v,/\v/

4 mm 5mm
8 mm 15 mm
12 mm

Figure29. Nodal stress points for linear stress extrapolation (Niemi, Fricke & Maddox
2018 p.23).

Nodal stresses are determined by usingaR&lysis Welded joint is modelled in FEhodel
andmeshed so that examined nodesadtke correct distance from the weld {&égure29).
International Institute of Weldin¢JIW) has giverguideline for the elemerizes that may
be used in FEnodel when obtaining Hot SpedtressesRecommended element sizes are

presented ifrigure30.



41

Types of model and weld toe:

Relatively coarse models

Relatively fine models

Type a Type b Type a Type b
Element Length x Width | Shells: <t x tandt x w/ 10 mm = 10 mm < 0.4 % tand <4 mm x 4 mm
2® 041 = wi2®
Solids: <t x tandt x w' 10 mm x 10 mm < 0.4t % tand <4 mm x4 mm
041 x wi2*
Extrapol. Points Shells: 0.5¢/1.5¢ (mid-side 5 mm/15 mm (mid-side 0.44/1.0¢ (nodal points) 4 mm/8 mm/12 mm (nodal
pis.)” points) points)
Solids: 0.5¢/1.5¢ (surface 5 mm/15 mm (surface 0.441.0¢ (nodal points) 4 mm/8 mm/12 mm (nodal
centre) centre) points)

Figure30. Recommended element sizes ot Spot-model (Niemi, Fricke & Maddox

2018 p.22).

3.2 Static analysis

The gructure is analysed with finite element method by uSingdworks CAD-software

and itsSimulation-addin. Linear analysisand Intel DirectSparse solveare used in all

casesln static analyss following aspects are considered:

1. Static capacity of the structu(§on Mises-stresscompared tdhe yield stressof

materia)

2. Displacement thadccurswith the specific load case

3. Bolt forces

The analyseare performed imine different load cases and configuratio@mases 48 are

performed by analysing the whole structaral inthe casenumbemine the electric motor

bracket is examinedlhe wind loads are calculated based on the equati@ms®med in

chapter 2.1.1 and snow loads based on the equations presented in chapter 2.2. Wind load is

also calculated with the mean annual wind velo@td the value for that i§ m/s

(lmatieteenlaitos 2022)The effect of concrete core of the possonly considered in

configuratiors threeandfive and in other case the concrete core is ignored to simplify the

analysationprocess.That way of analysation is on the safe sahel the strength of the

structure is not depending on the concrete davad cases and configuratioaepresented

in Table3.



Table3. Load cases and configuratioosnsidered in static analyses
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Number Load case Configuration Loads applied
) The ringperpendicular compared to .
1 Gravity only . i Gravity: 9.81 m/g
ground,without concretecore in the posts
Wind load, mean wind ) ) .
o . The ringperpendicular compared to | Gravity: 981 m/¢
2 velocity inHameenlinna . .
ground,without concrete core in the post] Force:4 350N
(5m/s)
Wind load, maximum ) ) )
_ ) ) The ringperpendicular compared to Gravity: 981 m/g
3 operating wind velocity ) )
ground,without concrete core in the post] Force: 8 650 N
(10 m/s)
Wind load, maximum ) ) _
_ ) ) The ringperpendicular compared to Gravity: 981 m/g
4 operating wind velocity ) )
ground,with concrete core in the posts| Force: 8 650 N
(10 m/s)
. Wind load, storm wind23 The ringperpendicular compared to Gravity: 981 m/¢
m/s) ground,without concrete core in the post] Force: 19 800 N
5 Wind load, storm wind The ringperpendicular compared to Gravity: 981 m/g
(23 m/s) ground,with concrete core in the posts| Force: 19 800 N
The ringperpendicular compared to Gravity: 981 m/g
7 Snow load _ _
ground,without concrete core in the post] Force: 2 700 N
The ringparallel compared to ground, | Gravity: 981 m/g
8 Snow load ] )
without concretecore in the posts Force: 27 800 N
Torque caused by
Wind load, storm wind ) wind load when
9 Electric motor bracket o
(23 m/s) the ring is locked
= 16830 Nm

The material models used in the analyses are presentedlgd. Mechanical properties of
used materialare determined according t&FSEN 100252, SFSEN 100883 and
guidelines of Finnish Transport Infrastructure Ager8$55 plates are mostly BD mm
thick so the reduced yield strength 345 MPa is used-E8¥ 300252 p.24).



Table4. Material models used in the fhalyseSFSEN 100252 p.24) (SFSEN
100883 p.20) (Finnish Transport Infrastructure Agency 2000.0)

) Elastic Poi ss Yield Tensile Mass
Material Model type ) )
modulus ratio strength strength density
Linear Elastic
S355J2+N ) 210 GPa 0.3 345 MPa 490 MPa | 7850 kg/ni
Isotropic
X5CrNiMo | Linear Elastic
) 193 GPa 0.29 200 MPa 500 MPa | 8000 kg/ni
17 1.4401 Isotropic
Concrete | Linear Elastic
] 22GPa 0.2 1.03 MPa | 2500 kg/nd
C20/25 Isotropic

The structure is modelled by using shealhd solidelementsComponents modelled with
shellelemens are presented as highlightedrigure31. Shellelement are modelled so that

the bottom sideof the elementarefacing outwards (agreed way in Hefmec Engineering,

easierdefine shellsn case the model has a lot of shell elements).

Figure31l. The components that are modelled with sekdments.
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Virtual wall -boundaryconditionisapp |l i ed t o t he bfoundatomlatésa c e ¢
and plates are attached to virtual wall witundation bolt-fixtures. Bolted joints are
modelled withbolted connectiorinteraction. Strength data is applied to the foundatiors bolt

and bolted connecti@no analyse strength of theint. M36-foundation bolts are presented

in Figure32 and bolted connections Figure33.

Figure32. Foundation boltfixtures applied to attaching plate.

Figure33. Bolted connections used in the-Ribdel.
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To stabilize the ring and prevent the rotatiohthe model,a rigid connection is placed
between the end face of the ring shaft and shaft carrier. The rigid connection is presented in
Figure34.

Figure34. The rigid connection between the ring shaft and the shaft carrier

The contact interactions are applied between components that are not welded thigether.
penetration-contactswithout friction are usedNo penetrationcontacts are also applied
between concrete core and surfaces of the posts when analysing the effect of concrete core.
Interactions used in the HBodel are presented Figure35 - Figure38.
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Bonded interaction
Contact

Wirtual Yiall

Figure35. Interactionsusedipost sd6 attaching pl ates

Bonded interaction
Contact

Wirtual Wifall

Figure36. Interactions used in endcaps, shaft carriers and shafts.



Bonded interaction
Contact

Wirtual ¥/all

Figure37. Interactions used the joint of ring halves.

Bonded interaction
Contact

Wirtual Wall

Figure38. Interactions of the whole structure.

47
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Wwind load, snow loadand gravityare applied to the ring like presented fingure 39 and
Figure40.

Figure39. Forces applied to FEodel

Figure40. Forces applied to FEodel
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The FEmodel is neshed by using automatic meshing tool in Solidworks Simulation. Mesh
control is applied to parts that are modelled by using solid elements except the concrete core.
Mesh properties are presented’able5 and meshed model Figure4l.

Table5. Meshproperties used in FEodel

Element type Mesher Maximum element sizg Minimum element size
Blended curvature
Shell 50 mm 7.5 mm
based mesh
) Blended curvature
Solid 15 mm 7.5 mm
based mesh
Solid Blended curvature
50 mm 7.5 mm
(concrete core) based mesh

Figure41l Meshed model used in load caseés Orange color indicates the bottom side of
shell elements.
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Figure42. Element mesh at bottom and top end of the p@stnge color indicates the

bottom side of shell elements.

AN

-
e
s

S
s R

Figure43. Element mesh at the joints of ring halv@sange color indicates the bottom

side of shell elements.
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The mounting bracket for electric motor is ads@lyzedo ensure that it can resist the torque
caused by storm wind when the ring is locked. Bracketadelled with blendedurvature
based mesher with 10 mm maximum and 5 mm minimum element size. Hollow section
beams are modelled with shell elements and plates with solid elements. -FhedEEis

fixed to virtual wall with M24foundation bolts and addinal geometry is placed to present
the electric motor. That additional geometryc@nectedo bracket with 18 M1:bolted
connectionsTorque force is applied to the outer surface of the additional geometry and the
value for that is calculated with equati

0 "OF; pxmnn papomi (32)

Vallye)

Values used in the equation are presenteldigare 44, used FEmodel inFigure 45 and
meshed FEnodel inFigure46.

Frwina= ¥2- 19800 N
|

1700

Figure44. Expression for the torque affecting in the mounting bracket
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Figure45. Forces and boundary conditions used in the analysis

Figure46. Meshed FEmodel for mounhg bracket analysis. Orange coindicatesthe

bottom side of shell elements.
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3.3 Natural frequency and vibration

Natural frequency analysis is performed by using Solidworks Simulataohin. Analysis

is performed as frequencyanalysis andby usingintel Direct Sparsesolver. In frequency
analysis no penetration contacennotbe used so all the joints are bonded together hence
the bolted connections are not used:-riédel is meshed with same element sizes than in
static analysisand same material models are us@dtobal motion of the structure is
restrained witHixed-boundary condition that is place to the bottom entheposts. Fixed

boundary condition is presentedrigure47 and global interactions iRigure48.

Figure4?. Fixed boundary condition at the bottom facehef posts.



. Bonded interaction

Figure48. Global interactions of the FEodel
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3.4 Fatigue analysis

Vibration that is caused by vortex shedding may cause fatigue crack initiatithre
structure Therefore thelateralforcesand number of cyclethatoccursby vortex shedding

in different natural frequencies are calculated based on the equations presented in chapter
2.1.3.Vortex shedding may occur on the surfacéhefposts othering thereforeboth cases

are examinedCalculated forceand number of cycleare used in fatigue assessment and
fatigue life is examined for different welded detailsing Hot Spot-method Fatigue
assessment is also conducted with the wind load that is caused by mean wind {&locity
m/s)in Hameenlinna ared-orces caused by vortex shedding, number of cycles and critical

wind velocities are presentedTiable6 andTable7.

Table6. Forces caused by vortex sheddamginumber of cyclesn the surface ahe

postsand critical wind velocities.

Natural frequency Displacement [mm] Critical wind
(2] Lateral force [N] (only mode shape 1 Number of cycleg velocity [ms]
2.0 2047 0.3208 210029 559 39
24 2977 - 243 094 796 4.7
3.0 4651 - 224 618 221 5.9
33 5628 - 193 198 739 6.5
6.6 225091 - 815 453 13.0
14.0 101281 - 1 27.6
144 107151 - 0 284
158 128999 - 0 311
16.2 135613 - 0 319
16.9 147586 - 0 333
212 232243 - 0 418
258 343962 - 0 50.8
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Table7. Forces caused by vortex shedding anthber of cycles on the surface of the ring

and critical wind velocities.

Natural frequency Displacement [mm] Critical wind
(Hz] Lateral force [N] (only mode shape 1 Number of cycleg velocity [ms]
20 3.8 0.016 122 852 469 22
24 55 - 189 317 101 2.6
3.0 8.6 - 292 840 327 33
33 104 - 340 191 680 3.6
6.6 414 - 259 109 246 7.2
14.0 1862 - 42 427 154
14.4 197 - 20 380 15.8
15.8 2372 - 1284 17.3
16.2 2494 - 551 17.8
16.9 2714 - 118 18.6
212 427 - 1 233
258 6324 - 0 284

To simplify the analysation process, the Hot Sypaddels are analysed with 1000 N
reference force amgtresses at critical points are determined. After that, the stresses in

casegresented iTable6 andTable7 are extrapolated from the reference stresses.

Hot Spot-stress may be calculated by using equatioargillocal stressa® 4 andih.o: are
determined by using FBnalysis. After the Hot S -stress is determined, the fatigue life
may be determined by using equat{dliemi, Fricke & Maddox 2018 [¥2):

"O6Y

. C 23
0 cpny” (33)

whereFAT is the fatigue class of the welded detail aps is the calculated Hot Spet
stress.The value ofFAT is taken as 90 MPa in loazhrrying fillet welds and 100 MPa in
nonload carrying weld¢Niemi, Fricke & Maddox 2018 ptl).

Fatigue assessment is performed for the most critical details of the sruldiese details
are presentelligure49. Hot Spot-models are modelled by using the requirements presented

in chapter 3.1.
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Figure49. Welded details that are the most critical for fatigue crack initiaRossible
crack initiation location is presented with the red linehe posts and itheshaft carrier

the upper weld taearecritical, inthe shafts both weld toes are aminedand, in the ring,

the lower weld toe is critical
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Element mesh is created so that nodes are located at distance of 0.4t and 1.0t from the weld
toeandblended curvaturbased mesher issed.Mesh control is applied to the areas where

the HotSpot-stresses will be obtained. In those areas the maximum element size is 2 mm
and minimum 15 mm. No penetration contacts are applied to the joints that are not welded
togetherHot Spot-models with boundary conditions and forces are presentéidune50

- Figure52 and meshed models gure53 - Figure55.

Figure50. Hot Spot-model ofthe shaft andheshaft carrier. Rierence force 1000 N is
applied to the end of the ring attaching plate
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Figure51. Hot Spotmodel of the ring. Reference force 1000 N is applied to the face of the

ring.

Figure52. Symmetric HoSpot-model of the posReference force 1000 N is applied to
the face of th@ost.
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Figure53. Meshed Hot Speimodel of shaft and shaft carrier. Maximum global element

size is 10 mm and minimum®mm. Mesh control iadded to Hot Spetaireas and the

maximum value for element size is 2 mm and minimusnnim.

P
S

Figure54. Meshed Hot Speimodel of the ring. Maximum global element size is 30 mm

and minimum 3 mm. Mesh control is added to Hotdpareas and the maximum value

for element size is 2 mm and minimun® Inm.
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Figure55. Meshed symmetric Hot Spehodel of the ring. Maximum global element size

area is modelled with solid elements and the

is 30 mm and minimurd.0 mm. Hot Spot-

rest of the post is modelled with shell elemektssh control is added to Hot Spareas

and he maximum value for element size is 2 mm and minimiamin.
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3.5 Bolted joints

Capacity of the bolted joints is determined analytically according teES¥$9931-8 and
numerically by using FiEnethod. Fatigue assessment of the bolgeréormedanalyticdly
according to SFEN 19931-9 with the loads determined by F&ethod.

3.5.1 Static capacity

Capacity ofbolted joints is determined according to SEIS 19931-8. Bolted joints are
divided into five differentategorieshat depend on the required propertéthe joint(SFS
EN 19931-8 p. 21). Categories are presente#figure56.

Category Criteria Remarks
Shear connections
A Fopa = Fira No preloading required.
bearing type Fipa = Fora Bolt classes from 4.6 to 10.9 may be used.
B ?"Ed'sef ?mse" Preloaded 8.8 or 10.9 bolts should be used.
slip-resistant at serviceability vEd = Rd For slip resistance at serviceability see 3.9.
Fipa = Fopra
Fipg = Fipra Preloaded 8.8 or 10.9 bolts should be used.
oli -resistanc; at ultimate Fv:Ed < Fyra For slip resistance at ultimate see 3.9.
P Fira < Nyura Noerra see 3.4.1(1) €.
Tension connections
No preloading required.
Dl ded ?‘E‘i i ?’R‘i Bolt classes from 4.6 to 10.9 may be used.
non-preloacs tha = pRa By ra see Table 3.4.
E Fipg < Fipg Preloaded 8.8 or 10.9 bolts should be used.
preloaded Fipa < Byra Bprqg see Table 3.4
The design tensile force Fig4 should include any force due to prying action, see 3.11. Bolts subjected to
both shear force and tensile force should also satisfy the criteria given in Table 3.4.

Figure56. Categories for bolted connections (SIES 19931-8 p. 22)

In this casebolted joints should be shpesistant at serviceability state and bolts are
preloaded when the sculpture is installed. Theretbeecategories B and are examined.

Based on th&igure56 therequirements for the joistre:

G G (34)
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(35)

G Oq oy

GG )

G 0 3)

whereFy eqseris the design shear forcethe serviceability limit stateFs rd,sedS the dsign

slip resistance at theerviceability limit statef eq is the desigrshear force at the ultimate
limit state,Fsradis the design slip resistance at the ultimate stateqis the design bearing
resistancefteqis the design tensile fores the ultimate limit staté;: rqis the design tension

resistancendBp rdis thedesign punching shear resistance. (E/619931-8 p. 22)

There are also maximum and minimum valusstiie positioningand spacing of holes for

bolts These values are presentedrigure57 andFigure58.

Distances and Minimum Maximum® ?¥
spacings, N B
see Figure 3.1 Structures made from steels confor.nung to Structures made from
EN 10025 except steels conforming to .
EN 10025-5 steels conforming to
EN 10025-5
Steel exposed to the | Steel not exposed to
weather or other the weather or other isutlei'loltl::tde d
corrosive influences | corrosive influences P
. The larger of
End distance ¢; 1.2d, 4t + 40 mm 8¢ or 125 mm
. The larger of
Edge distance e; 1.2d, 4t + 40 mm 8¢ or 125 mm
Distance e; P
in slotted holes L.5do
Distance ey P
in slotted holes 1,5do
Spacin 2.2d. The smaller of The smaller of The smaller of
Pacing p1 o 14¢ or 200 mm 14¢ or 200 mm 14fmin or 175 mm
Spacin The smaller of
P g P10 14¢ or 200 mm
Spaci The smaller of
PaCINg pii 287 or 400 mm
Spacin 5) 2.4d. The smaller of The smaller of The smaller of
P 8 P2 20 14¢ or 200 mm 14¢ or 200 mm 144 yiq or 175 mm

Figure57. Minimum and maximum dimensions of holes for bolts (&"619931-8 p.

23)
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Pi—f—F¢
I D G E[léz
P P P

> 7} 4 4| APz
T ‘T- N

Figure58. Symbols for edgedistancesend distanceand spacing of bol$SSFSEN 1993
1-8 p. 24)

The shear resistance of the bolt may be calculated by using equation:

° Qb
f

where factol, is factor that depends on the strength classbuflt, fus is ultimate strength

Or (39)

of abolt, Asis the tensile stress area of the laoltlov> is the partial safety factor of the joint.
(SFSEN 19931-8 p. 27). Factokl, can be determined froffiable8, ultimate strength of

the boltfu, from Figure59, tensile stress are&® from Table9 and partial safety factam:

from Figure60. Recommended values for partial safety factors are pesbaenrablel10.



Table8. Values for factotl, (SFSEN 19931-8 p. 27).
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Bolt class FactorU,
4.6,5.6 or 8.8 0,6
4.8,5.8,6.8010.9 0,5
Bolt class 4.6 4.8 5.6 5.8 6.8 8.8 10.9
£ (N/mm?) 240 320 300 400 480 640 900
£ N/mm?) 400 400 500 500 600 800 1000

Figure59. Nominal values for the yield and ultimate strength for bolts {ER39931-8

p. 20).

Table9. Tensile stress areas of M2M24- and M36bolts. (Bjork et al.2014 p.134)

Size
M20 M24 M36
Tensile stress arels 245 mnt 353 mn? 817 mn?

Resistance of members and cross-sections Ino - P and pp see EN 1993-1-1
Resistance of bolts

Resistance of rivets

Resistance of pins 2

Resistance of welds

Resistance of plates in bearing

Slip resistance

- at ultimate limit state (Category C) G

- at serviceability limit state (Category B) VM3.cer

Bearing resistance of an injection bolt 4

Resistance of joints in hollow section lattice girder IMS

Resistance of pins at serviceability limit state M6 ser

Preload of high strength bolts I

Resistance of concrete . see EN 1992

Figure60. Partial safety factors of bolted joints (SES 19931-8 p. 18).



Table10. Recommended values for partial safety faa{SFSEN 19931-8 p. 18).
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Safety factor vz ov3 OM3,ser Om4 M5 Om6,ser om7
Value 1.25 1.25 11 1.0 1.0 1.0 1.1
The €nsion resistandé rq of the bolt may be determined by using equation:
. Qo
&% (40)

[

wherek: is a factor thadepend®on the shape of the bolt. For countersunk Holis taken

as the value of.83 and otherwisthe value of ® is used. (SF&EN 19931-8 p. 27).

The bearing resistan¢g rqscan be determined by using equation:

. Q| Q Qo
Or r (41)
wherek; for edgebolts is the smallest pf
. Q . s
Q @5 px [ O0co (42)
Factork: for inner bolts ighe smallest of
. N . s
Q p8 a P& | O¢d (43)
FactorU, for single holess the smallest of;
| o) I O p8t (44)
andin the direction of load transfer;
Q
End bolts: | 50 (45)
. noe
Inner bolts: | 5O I (46)

(SFSEN 19931-8 p. 27).
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The punching shear resistannay be calculated by using expression:

. *'Q o0 Q
6 47

wheredn is thebolt head diameter ariglis the thickness of platéeSFSEN 19931-8 p. 27).

The design slip resistanégrdcan be determined by following equation:

o —— O (48)

whereks is the factor given inFigure61, n is the number of friction surfaces,is the slip
factorgiven inFigure62 andF, c is the preloaithg force that should be taken @&FSEN
19931-8 p. 30):

O T™Q O (49)
Description k
Bolts in normal holes. 1.0
Bolts in either oversized holes or short slotted holes with the axis of the slot 0.85
perpendicular to the direction of load transfer. T
Bolts in long slotted holes with the axis of the slot perpendicular to the direction of load 0.7
transfer. '
Bolts in short slotted holes with the axis of the slot parallel to the direction of load 0.76
transfer. )
Bolts in long slotted holes with the axis of the slot parallel to the direction of load 0.63

transfer.

Figure61. Values for factoks (SFSEN 19931-8 p. 30).

Class of friction surfaces (see 1.2.7 Reference Slip factor u
Standard: Group 7)
A 0.5
B 0.4
C 0.3
D 02

Figure62. Values for slip factoe (SFSEN 19931-8 p. 31).
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For a category B joints the slip resistaegq, seshould be taken as:

. Qe O TG
G ok o (50)
3
whereFtedseris the design tensile force sgrviceability limit state. (SFEN 19931-8 p.

31).

3.5.2 Tighteningtorque

Preload force for each bolt size is determined by using equéioNiter the preload force

is known the tightening torque may be determined by equéidnk et al. 2014 p143):

g O, ppLUYU Q ° O

=

(51)

cC:

whereFp cis preload forceyc is the friction coefficient of threadd; is the pitch diameter

of bolt, pk i s t he friction ckxei$thel dameten af contdct ate@ | t 6
between head and plate aRds the pitch of thread=riction coefficients are chosen based

on the material and surface finish used in the joint. In this case friction coefficient are taken
as 015 (Bjork et al. 2014 p. 144).

3.5.3 Fatigue of bok

Fatigue assessment of bolts is determined according tdEBFE®931-9. Possible fatigue
failure in bolts may occur by the effect of tensile or shear foktteen determining fatigue
effects of tensile force, the preload force may be tadeount in the assessment (SHS
19931-9 p. 21).In this case tensile forced serviceability state are lower th#me preload
force Thereforethe tensile fatigue is not threat for stability of the sculpture. However, the

shear fatigue should be exared.
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The shear fatigue is examined in the situation where the sculpture is rotating at maximum
operating wind velocity (10 m/sJhe shear fatigue strength for constant amplitude stresses
may be determined by the following equat{@+SEN 19931-9 p. 14)

(9] 9

Yt 0 Yt ¢ pmnxEAIl pmAT& v (52)
whereqlk is shear stress rangd¥ is totalamount ofcycles andd$ is ashear fatigue class.

Equation 2 may be adjusted to the form where the maximum stress range is solved:
Yt —_— (53)

The fatigue clas& and factorm maybe determined from thgigure63.

100 I Yksi- tal kaksilcikkeiset 15)
m=5 L leikkausrasitetut ruuvit: At lasketaan ruuvin
) Kierteat eivat ole leikkaus- kierteettoman varren pinta-alan
. i
15 |—p tasossa 15) mukaarn.
T — g — Soviteruuvit

— tavalliset ruuvit, kun kuor-
man suunta ei muutu
(ruuvien lujuusluokat 5.8,
8.81ai 10.9).

.‘{ i

Figure63. Shear fatigue class for bolted joint (SEN 19931-9 p. 20)

The cut off limitopUwhichis the lowest stress range that may lead to fatigue failure may be
calculated by using the equation (SEN 19931-9 p.15):

Yt m v Yyt (54)

3.6 Welds

The design resistance of fillet welds is determined by simplified method according-to SFS

EN 19931-8. The simplified method assumes that all the applied forceaff@eing on
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shear direction. Therefore, the welds should satisfy the following criterion ESFE93
1-8 p. 44):
"Op "Op (55)

whereFwed is the design valuéor the force per unit length arfelyrq is the design weld
resistance per unit length.

The design force per unit length may be determined by equation:

Of — (56)

whereFr is the resultant force applied to the weld &nds the length othe weld. In this
case, the sum of the tensile and shear forces in bolted joints next to the specific weld is used

for the resultant force.

The design weld resistance per unit lerfgtikda may be determined by using equation (SFS
EN 19931-8 p. 44):

S

. ) (57)
O f T—[’ W

wherefy is the ultimate tensile strength of the weakest part joingds the correlation factor
taken fromFigure64,| wm2 is the partial safety factor (=2b) anda is the throat thickness of
the weld.
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Standard and steel grade .
Correlation factor By
EN 10025 EN 10210 EN 10219
S 235 -
4 1175
S35 W S235H S235H 0.8
S 275 R S275H
S 275 N/NL S 27S€2TZT‘;LI‘§LH S 275 NH/NLH 0,85
S 275 M/ML i ' S 275 MH/MLH
S 355 e
- - S355H
S 355 N/NL S355H
oo - S 355 NH/NLH 09
- ! . e ﬁ f _ .
S Jbb_l}LI\IL S 355 NH/NLH S 355 ME/MILH
S355W
S 420 N/NL . N
S 420 M/ML S 420 MH/MLH 1,0
S 460 N/NL ,
S 460 M/ML S 460 NH/NLH SS jg(()) I\NED?EEI 1,0
S 460 Q/QL/QL1 '

Figure64. Correlation factor w for fillet welds (SFSEN 19931-8 p. 44).

After the design force and resistance are determined, the usage of thesistlthcanay

be calculated by equation:

Usage of the weld resistance

h

p X

(58)
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4 Results

The results obtained by methods presented in chapter 3 are presented in thisStnepser.
and displacement plots are presented by using eDrawingsi@nertherefore plotappear

visually different than in Soligdorks.

4.1 Staticanalysis

Maximum Von Misesstresses and displacement obtained byaR&ysis are presented in
Table 11 and stress and displacement plot$-igure 65 - Figure 95. The maximum Von
Mises-stresses are global maximum valestimated fronthe stress plotshereforelocal
stress concentrations caused by changes in element typesbelid A shell) or bonded
corners that are carrying the load too much due to thefagklds in FEmodel are ignored.

Tablell The maximum Von Misesstress and displacements obtained byaRRlysis

Load case number
Configuration anddad case
(fy,s355: 345 MPa)
shafts [MPa]
(fy,1_4401: 200 MPa)
Max displacement [mm]

Max Von Mises-stress [MPa]
Max Von Mises-stres in

1 Gravity only 35 36 0.2

Mean wind velocity 5 m/s
2 ] 69 60 217
without concrete core

Max operating wind velocity
3 103 60 43.3
10 m/s without concrete corg

Max operating windrelocity
4 ) 103 60 326
10 m/s with concrete core
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Storm wind velocity 23 m/s
5 ] 207 80 99.1
without concrete core
Storm wind velocity 23 m/s
6 ) 207 80 735
with concrete core
Snow load, the ring
7 perpendicular compared to 42 44 0.2
ground
Snow loadthe ring parallel
8 241 160 39.3
compared to ground
Electric motor bracket, storm
9 _ _ 241 - 1.2
wind velocity 23 m/s

SUTE

von Mises {(N/mm*2 (MPa))

345,0
3105
276,0
2415
207,0
1725
138,0
103,5
69,0
34,5
0,0

Figure65. Von Mises-stresgsat top surface of the shell elemewntigh gravity forceand

without concrete core Stress range-845 MPa, deformation scale 10.
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von Mises (N/mm*2 (MPa))

345,0
3105
276,0
2415
207.0
1725
138,0
103,5
69,0
345
0,0

Figure66. Von Mises-stresses at bottom surface of the shell elements with gravity force
andwithout concrete core Stress range-845 MPa, deformation scale 10.

URES (mm)

0,2
0,2
0,1
— 0.1
0,1
0,1
— 0.1
0,1
0,0
0,0
0,0

Figure67. Resultant displacements of the structure with gravity fanckvithout concrete

core Deformation scale 10.
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Max: 126.8

von Mises {(N/mm*2 (MPa))

345,0
3105
276,0
241.,5
207,0
1725
138,0
103,5
69,0
345
0,0

Figure68. Von Mises-stresses at top surface of the shell elements with 5 m/s arncel f

andwithout concrete core Stress range-845 MPa, deformation scale 10.

Max: 99.4

von Mises (N/mm”*2 (MPa))

345,0
310,5
276,0
2415
207,0
1725
138,0
103,5
69,0
345
0,0

Figure69. Von Mises-stresses at bottom surface of the shell elements with 5 m/s wind

forceandwithout concrete coreStress range-845 MPa, defanation scale 10.
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o Max: 21.7

URES (mm)

21,7
19,5
17,3
15,2
13,0
10,8
87
6,5
4.3
2,2
0,0

Figure70. Resultant displacements of the structure with 5 m/s wind &ordevithout
concrete coreDeformation scale 10.

Max: 245.9

von Mises (N/mm*2 (MPa))

345,0
3105
276,0
2415
2070
1725
138,0
103,56
69,0
34,5
0,0

Figure71. Von Mises-stresses dhetop surface of the shell elements with 10 m/s wind

force andwithout concrete core. Stress rang84b MPa, deformation scale 10.
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Max: 198.0

von Mises (N/mm*2 (MPa))

345,0
3105
276,0
241,5
207.,0
1725
138,0
103,5
69,0
34,5
0,0

Figure72. Von Mises-stresses ahebottom surface of the shell elements with 10 m/s
wind force ad without concrete core. Stress rang84b MPa, deformation scale 10

URES (mm)

43,3
38,0
34,7
30,3
26,0
21,7
173
13,0
87

43

0,0

Figure73. Resultant displacements of the structure with 10 m/s wind forceviéimolut
concrete core. Deformation scale 10.
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Max: 233.0

von Mises (N/mm*2 (MPa))

345,0
310,56
276,0
241.5
207,0
1725
138,0
103,56
69,0
34,5
0,0

Figure74. Von Mises-stresses dhetop surface of the shell elements with 10 m/s wind

force andwith concrete core. Stress rang84b MPa, deformation scale 10

Max: 186.4

von Mises (N/mm*2 (MPa))

345,0
3105
276,0
2415
207,0
172,5
138,0
103,5
69,0
34,5
0,0

Figure75. Von Mises-stresses dhebottom surface of the shell elements with 10 m/s

wind force andvith concrete core. Stress rang&4b MPa, deformation scale 10
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URES (mm)

o 326

29,3
= 26,1
{228

. 19,6
16,3
— 13,0

9,8
6,5
3,3
0,0

Figure76. Resultant displacements of the structure with 10 m/s wind forceviémd

concrete core. 8formation scale 10.

Max: 554.9

von Mises (N/mm*2 (MPa))

l 3450

310,5
— 276,0
— 241,5
. 207,0

1725
—1 138,0

103,5
69,0
34,5
0,0

Figure77. Von Mises-stresses dhetop surface of the shell elements with 23 m/s wind

force andwith out concrete core. Stress rang84b MPa, deformation scale 10
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Max: 453.8

von Mises (N/mm?2 {(MPa))

l 345,0
310,5

—1 276,0
— 241,5
= 207,0
11725
—1 1380
103,5
69,0
34,5
0,0

Figure78. Von Mises-stresses dhebottom surface of the shell elements with 23 m/s

wind force andvithout concrete core. Stress rang84b MPa, deformation scale 10

von Mises (N/mm”2 (MPa))

l 200,0
180,0

=4 160,0
— 140,0
L 120,0
= 100,0
1 80,0

60,0
I 40,0

20,0

0,0

Figure79. Von Mises-stress irtheshafts with 23 m/s wind fora@ndwithout concrete

core Stress range-RP00 MPa, deformation scale 10



von Mises (N/mm”2 (MPa))

200,0
180,0
=4 160,0
— 140,0
- 120,0
= 100,0
1 80,0
60,0
40,0
20,0
0,0

Figure80. Von Mises-stress irthe shafts with 23 m/s wind for@ndwithout concrete
core Stress range-R00 MPa, deformation scale 10

URES (mm)

. 99,1

89,2
—1 79,3
— 69,4
= 595
— 49,5
—1 39,6

29,7
19,8
9,9
0,0

Figure81. Resultant displacements of the structure with 23 m/s wind forceviéimdut

concrete core. Deformation scale 10.
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Max: 524.1

von Mises (N/mm”*2 (MPa))

345,0
3105
276,0
2415
207.0
1725
138,0
103,5
69,0
345
0,0

Figure82. Von Mises-stresses ahetop surface of the shell elements with 23 m/s wind
force andwith concrete core. Stress rang84b MPa, deformation scale 10

Max: 427.2

von Mises (N/mm*2 (MPa))

345,0
310,5
— 276,0
— 241.,5
= 207,0
11725
—1 138,0
103,5
69,0
34,5
0,0

Figure83. Von Mises-stresses dhebottom surface of the shell elements with 23 m/s

wind force andvith concrete core. Stress rang&4b MPa, deformation scale 10
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URES {(mm)

73,5
66,1
58,8
51,4
44,1
36,7
29,4
22,0
14,7
7,3
0,0

Figure84. Resultant displacements of the structure with 23 m/s wind forcevidimd

concrete core. 8formation scale 10.

Max; 43.7

von Mises (N/mm*2 (MPa))

3450
3105
276,0
2415
207,0
1725
138,0
103,5
69,0
345
0,0

Figure85. Von Mises-stresses dhetop surface of the shell elements with snow load and

with out concrete core. Stress rang84b MPa, deformation scale 10



Max: 43.7

Figure86. Von Mises-stresses ahebottom surface of the shell elements with snow load

84

von Mises (N/mm*2 (MPa))

345,0
3105
276,0
2415
207.0
1725
138,0
103,5
69,0
34,5
0,0

andwithout concrete core. Stress rang84b MPa, deformation scale 10

URES (mm)

| 0,2

0,2
0,2
— 0,1
— 0,1
— 0,1
— 0,1

0,1
I 0,0
0,0
0,0

Figure87. Resultant displacements of the structure with snow loaavghdut concrete

core. Deformation scale 10.



85

Max: 1023.9 O

von Mises (N/mm”*2 (MPa))

345,0
3105
276,0
2415
2070
1725
138,0
103,5
69,0
34,5
0,0

Figure88. Von Mises-stresses dhetop surface of the shell elements with snow load in

failure mode anavith out concretecore. Stress range35 MPa, deformation scale 10

Max: 840.4 v 2

von Mises (N/mm”*2 (MPa))
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310,5
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— 241,5
= 207,0
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— 1380
103,5
69,0
34,5
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Figure89. Von Mises-stresses ahebottom surface of the shell elements with snow load

in failure mode anavith out concrete core. Stress rang84b MPa, deformation scale 10



Figure90. Von Mises-stress irtheshafts with snow load in failure modadwithout

concrete coreStress range-RP00 MPa, deformation scale 10

Figure91l. Von Mises-stress irtheshafts with snow load in failure modadwithout

concrete coreStress range-RP00 MPa, deformation scale 10
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URES (mm)

. 39,3

35,4
—1 31,5
— 27,5
= 23,6
—119,7
—1 157

11,8
I 7.9

3,9

0,0

Figure92. Resultant displacements of the structure with snow load in failure mode and

with out concrete core. Deformation scale 10.

Max: 387.6
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Figure93. Von Mises-stresses ithe motor mounting bracket #ftetop surface of the shell
elements withdrque caused by 23 m/s wind load. Stress rarg¢50MPa, deformation
scale 10
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Max: 387.6

von Mises (N/mm"2 (MPa))
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Figure94. Von Mises-stresses ithe motor mounting bracket #ihte bottom surface of the
shell elements with torque caused by 23 m/s wind I8&riéss range-845 MPa,

deformation scale 10

URES {mm)

Figure95. Displacements ithe mounting bracket with torque caused by 23 m/s wind load.

Deformation scale 10.
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4.2 Natural frequency and vibration

Natural frequencies determined by-BRalsis are presented fable12 and mode shapes
in Figure 96 - Figure100. Only frequencies that are critical for vortex shedding vibration

with normal wind velocity are examined.

Tablel12. First 12 naturalrequencies of the sculpture.

Mode no. Frequency [rad/s] FrequencyHz] Period [s]
1 125 2.0 0.50
2 153 24 041
3 189 3.0 0.33
4 206 32 0.30
5 412 6.6 0.15
6 87.7 14.0 0.07
7 904 144 0.07
8 99,5 15.8 0.06
9 1015 16.2 0.06
10 1059 16.9 0.06
11 1334 212 0.05
12 1621 258 0.04




Figure96. Mode shape 12.0 Hz

Figure97. Mode shape 22.4 Hz
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Figure98. Mode shape 3 /.6 Hz

Figure99. Mode shape 4 /.3 Hz
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Figure100 Mode shape 5/.6 Hz

4.3 Fatigue

Hot Spot-stresseand fatigue live®f thewelded detailare presentesh Table13 - Table

20 andFigure101- Figure113 More detailed table is presented in Appendix 5.



Table13. Hot Spot-stress athe weld between posts and foundation plétegure101)

93

e =

o = = =

> E — g — E = — ) [}

z ST | sF | 2§ 2§ | & &

Tz |82 | 82 | 82 | g2 | o 2
; g = c o c o c @ 2 o s © =
e S o g 9 g 9 g £ g £ = 0o =
Q 8 % o 5 o 5 % o o o :2 =3 :2 2
-8 o © © o) o o) © [) o (5] ] [} (%] ()
= o 2 8§ = 8 = § 2 § 2 £ 8 g 2

2% | 88 | 88 | 88 | &8 | 2 2

S G G 2 5 2 5 2 8

= g g g g @ @

- ) ) ) ) 2 2
RF 10000 18 1.7 3.3 2.6 1.9 3.8
1 2047 04 0.3 0.7 0.5 0.4 0.8
2 2977 0.5 0.5 1.0 0.8 0.6 11
3 4651 0.8 0.8 15 12 0.9 1.8
4 5628 1.0 1.0 19 15 11 21
5 22509 4.1 3.8 7.4 5.9 4.2 8.5
6 101281 18.2 17.2 334 26.3 18.9 38.2
7 107151 193 18.2 354 279 20.0 404
8 128999 232 219 42.6 335 241 48.6
9 135613 244 231 44.8 353 253 511
10 147586 26.6 251 48.7 384 27.6 55.6
11 232243 418 395 76.6 60.4 434 875
12 343962 619 585 1135 894 64.2 1296
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Tablel4. Fatigue lives ér the weld between posts and foundation plétegure101). In
the table=FOSstands for théactor of safety

= = Q
g g 5
o @ > .
o o —_
3 3 3 3 8
- 5 5 2 o 2
2 @ 2 2 S £ 2 2
o _L.) = &) = ) 1) © a 6
g | = g < g ° s 8 5 o
= L 2 2 L =) =)
S S = %) ")
@]
S ho] o O O
(] (O] 5 LL LL
£ £ Ne]
8 8 E
o] o) >
(@) @) Z
RF REFERENCE FORCE
1 90 | 26119871867 19¢ 3174867 342799 210 029 559 124 363 15116
2 90 8491571 410 642 1032 14%02 791 | 243094 796 34 931 4 246
3 90 | 2226822247706 270669 981400 | 224 618 221 9914 1205
4 90 | 1256788805951 152762531038 | 193198739 6 505 791
5 90 19 644 916 100 2 387 837 233 815 453 24 091 2928
6 90 215 645 613 26 211 699 1 215 645613 | 26 211 699
7 90 182 110 876 22 135 556 0 - -
8 90 104 367 562 12 685 865 0 - -
9 90 89 829 835 10 918 806 0 - -
10 90 69 692 988 8471174 0 - -
11 90 17 885 318 2 173 958 0 - -
12 90 5 505 454 669 187 0 - -

Figurel01 Welded detail examined ifable14 andTablel4.



1,E+14
1,E+13
1,E+12
1,E+11
1,E+10
1,E+09
1,E+08
1,E+07 ——
1,E+06
1,E+05
1,E+04
1,E+03
1,E+02
1,E+01
1,E+00

Cycles

1 2 3 4 5 6 7 8 9 10 11 12
Mode no.

Fatigue life (lower weld toe) Fatigue life (upper weld toe) Number of cycles

Figure102 Obtained fatigue lifen welded detail presented igure101compared to

number of cycles caused by vortex sheddiagarithmic scale)

Node: 1109
X, ¥, Z Location:|-187; 30; -81,6 mm
Value: 1,8 Nfmm*2 (MPa)
Node: 337
X, ¥, Z Location:| -203; 30; -894 mm @
\\
Value: 1,7 Nfmm”2 (MPa)

Figure103 Stressesio.atandli.o: next to the lower weld toe (posts)
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Figure104. Stresseso.srandly o next to the upper weld toe (posts)

Tablel5. Hot Spot-stress at the bottom weld of shaft carrieig(ire105).
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RF 10000 5.2000 2.3000 7.1

1 2047 1.06 0.47 15
2 2977 1.55 0.68 21
3 4651 242 1.07 3.3
4 5628 293 1.29 4.0
5 22509 11.70 5.18 16.1
6 101281 5267 2329 723
7 107151 5572 24.64 76.5
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8 128999 - 67.08 29.67 921

135613 - 70.52 3119 96.9
10 147586 - 76.74 3394 1054
11 232243 - 12077 5342 1659
12 343962 - 17886 79.11 2457

Tablel6. Fatigue livedor the bottom weld of shaft carri@figure105). In the table FOS

stands for the factor of safety.

p = T
2 2 5
o @ > -
o o) —_
3 =3 3 S 8
o, | B 5 . s 2
2 8 o Qo S £ 2 2
gl |38 | g2 | 8% | % :
= L 2 2 o = =)
8 8 “ ) 0
o
o - - @] @]
Q Q 5 LL LL
= = o
g 8 £
o] o] >
(@] (@] zZ
RF REFERENCE FORCE
1 90 466 403 762 911 210 029 559 - 2221
2 90 151627 882 368| 243 094 796 - 624
3 90 39762763039 | 224618221 - 177
4 90 22441573 652| 193198 739 - 116
5 90 350 785 135 815 453 - 430
6 90 3850629 1 - 3850 629
7 90 3251823 0 - -
8 90 1863 616 0 - -
9 90 1604 027 0 - -
10 90 1244 458 0 - -
11 90 319 365 0 - -
12 90 98 307 0 - -




Figurel05 Welded detail examined ifable15andTablel6.

1,E+12
1,E+11
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1,E+01
1,E+00

Cycles

1 2 3 4 5 6 7 8 9 10 11 12
Mode no.

Fatigue life (upper weld toe) ====Number of cycles

Figurel106. Obtained fatigue lifen welded detail presented gure105compared to

number of cycles caused by vortex sheddiagarithmic scale)
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